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SUMMARY 

A survey of  l a t e r a l - d i r e c t i o n a l  handling q u a l i t i e s  has been made f o r  
t h e  purpose of  developing a technique f o r  p red ic t ing  p i l o t  r a t i n g s .  
This  survey was made by obtaining p i l o t  r a t i n g s  of lateral  con t ro l  on a 
f ixed-base s imulator  i n  conjunction with a co lo r  contact  analog d i sp lay .  
The e f f e c t  of f i v e  l a t e r a l - d i r e c t i o n a l  handling q u a l i t i e s  parameters 
were s tud ied  by sys t ema t i ca l ly  varying them over a wide range. 

Forty-f ive c h a r t s  comprise t h e  r e s u l t s  of t h i s  survey, however, t h e s e  
have been condensed i n t o  t h r e e  c h a r t s  t o  provide a r a p i d  means f o r  hand 
computing t h e  p i l o t  r a t ings .  For more accurate  p red ic t ions ,  a d i g i t a l  
computer program was wr i t t en  which incorporated the  data from a l l  45 c h a r t s .  

Comparisons were made between predicted p i l o t  r a t i n g s  and those  
obtained i n  f l i g h t  f o r  s eve ra l  d i f f e r e n t  a i rp l anes .  Although it is 
apparent t h a t  f u r t h e r  extensions and improvements are needed t o  t a k e  
i n t o  account some of t h e  e f f e c t s  t h a t  were neglected i n  t h i s  s tudy,  such 
as mission, a i rp l ane  type and use of  rudders ,  it has been demonstrated 
t h a t  an extensive survey can be made and systematized i n  a w a y  t h a t  
enables  it t o  be appl ied t o  a wide range of a i r p l a n e  conf igu ra t ions .  

RESUME 

Une dtude des c a r a c t d r i s t i q u e s  de man iab i l i t d  late‘rale e t  d i r e c t i o n -  
n e l l e  a d t d  fa i te  en vue de l ’d l abora t ion  d’une mdthode permettant de 
prddire  l e s  dvaluat ions fou rn ie s  par des p i l o t e s .  Cette dtude a c o n s i s t 6  
i ob ten i r  des p i l o t e s ,  A l’aide d’un s imulateur  b base f i x e ,  associd une 
f i g u r a t i o n  analogique par contact  en couleurs ,  des bvaluat ions en ce qui  
concerne l e  con t rb l e  l a t d r a l .  En l es  f a i s a n t  v a r i e r  dans une large game,  
on a pu d tud ie r  1’ inf luence de c i n q  parametres des c a r a c t d r i s t i q u e s  de 
maniabi l i tk  l a t d r a l e  e t  d i r e c t i o n n e l l e .  

Les r d s u l t a t s  de cet te  dtude son t  contenus dans quarante-cinq cartes, 
rdsumds t o u t e f o i s  dans t r o i s  c a r t e s  pour f o u r n i r  un moyen rapide de c a l c u l  
manual des dvaluat ions de p i l o t e .  
programme de c a l c u l a t e u r  d i g i t a l  a d t d  d t a b l i  reprenant  l es  donndes 
f igu ran t  dans t o u t e s  l es  45 cartes. 

Pour des  p r d d i c t i o n s  p l u s  p r d c i s e s ,  un 

Des dvaluat ions de p i l o t e  p r d d i t e s  o n t  6 t h  compardes ?L cel les  obtenues 
en vol pour p lus i eu r s  avions d i f f d r e n t s .  I1 appa ra f t  que des  extensions 
e t  amkliorations suppldmentaires s e r o n t  n d c e s s a i r e s  pour t e n i r  compte de 
c e r t a i n s  e f f e t s  omis dans ce t t e  dtude, t e l s  que 1’ i n f luence  de l a  mission 
envisagde, du type d’ avion e t  de l ’ u t i l i s a t i o n  de gouvernai ls ;  t o u t e f o i s  
on a pu dkmontrer l a  p o s s i b i l i t d  de r d a l i s e r  une e‘tude approfondie e t  de 
l a  systdmatiser  de maniere permettre s o n  a p p l i c a t i o n  h une large gamme 
de conf igu ra t ions  d’ avion. 
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RECENT RESEARCH DIRECTED TOWARD THE PREDICTION 
OF LATERAL-DIRECTIONAL HANDLING QUALITIES 

Lawrence W. Taylor, Jr and Kenneth W. I l i f f  

1. INTRODUCTION 

Understanding t h e  r e l a t i o n s h i p s  between t h e  s t a b i l i t y  and con t ro l  c h a r a c t e r i s t i c s  
of a i r p l a n e s  and t h e  p i l o t  assessment of  t h e  handling q u a l i t i e s  has proved t o  be a 
d i f f i c u l t  and cont inuing problem. Although many i n v e s t i g a t o r s 1 - l 4  have s tud ied  t h e  
e f f e c t s  of a mult i tude of parameters, such as those  shown i n  Figure 1 f o r  lateral-  
d i r e c t i o n a l  s t a b i l i t y  and con t ro l ,  advances i n  airplanes have increased t h e  complexity 
of  t h e  problem, i n  p a r t i c u l a r ,  t h e  l a t e r a l - d i r e c t i o n a l  modes of  control .  Consequently, 
t h e  r e s u l t s  of t h e s e  independent i n v e s t i g a t i o n s  have not  been f i t t e d  i n t o  a c o n s i s t e n t  
framework o f  knowledge wi th  broad a p p l i c a b i l i t y .  A s  a guide, t h e  prel iminary designer  
is o f t e n  forced t o  use r e s u l t s  f o r  a class o f  a i r p l a n e  d i f f e r e n t  from t h a t  with which 
he is concerned because of  t h e  l i m i t e d  information ava i l ab le .  La te r  i n  t h e  design,  
af ter  a conf igu ra t ion  has been se l ec t ed  and t e s t e d  i n  t h e  wind tunnel,  t h e  designer  
probably would use a f l i g h t  s imulator  t o  a s ses s  handling q u a l i t i e s .  There is, however, 
a d e f i n i t e  need f o r  a quicker and more economical means o f  p r e d i c t i n g  t h e  handling 
q u a l i t i e s  of  an a i r p l a n e  as early i n  t h e  design phase as possible .  

With t h i s  need i n  mind, t h e  NASA F l igh t  Research Center undertook a general  study 
of l a t e r a l - d i r e c t i o n a l  handling q u a l i t i e s  with t h e  goal of developing cri teria tha t  
are more gene ra l ly  app l i cab le  than those  now ava i l ab le .  

2. APPROACH TO THE STUDY 

Many parameters in f luence  l a t e r a l  handling q u a l i t i e s ;  t hus  c e r t a i n  r e s t r i c t i o n s  
were necessary t o  make t h e  s tudy f e a s i b l e .  Considering t h e  t r a n s f e r  funct ion of  bank- 
angle  response t o  a i l e r o n  de f l ec t ion ,  as shown i n  t h e  following equation, seven 
parameters are involved because of t he  seven independent c o e f f i c i e n t s  i n  t he  numerator 
and denominator: 

However, with t h e  usual r e s t r i c t i o n  of  neu t r a l  spiral s t a b i l i t y  which is u s u a l l y  
adequate f o r  a l l  except low speeds, t h e  number is reduced t o  6. Also, t h e  damping 
terms f o r  both t h e  numerator and denominator second-order f a c t o r s  and t h e  r o l l  
damping are h igh ly  dependent on veloci ty .  It fol lows t h a t  t h e s e  parameters may be 



considered t o  be dependent by making t h e  r o l l  damping p ropor t iona l  t o  
2 5 p 4  equal t o  25,wd . 
parameters remain t o  be considered i n  t h e  bank-angle t r a n s f e r  funct ion.  The s i d e s l i p  
t r a n s f e r  function can be s i m p l i f i e d  t o  t h e  following equation and t h e  only add i t iona l  
parameter introduced is L p  : 

2Cdwd , and 
With these  add i t iona l  r e s t r i c t i o n s ,  only fou r  independent 

I - Lga(u: - a;) 
- 

-ha - -  - PC S) 

The parameter wd , which appears i n  both t r a n s f e r  funct ions,  is simply t h e  Dutch r o l l  
n a t u r a l  frequency i n  radians per second and is  r e l a t e d  t o  t h e  d i r e c t i o n a l  s t a b i l i t y  
and dihedral  parameters, NP and L p  . The term w4 is  t h e  control-coupl ing 
parameter, which includes t h e  r o l l - c o n t r o l  d e r i v a t i v e s  Lga and N g a  . 

The e f f e c t  of t h e s e  f i v e  parameters on l a t e r a l - d i r e c t i o n a l  handling q u a l i t i e s  was 
s tud ied  by u t i l i z i n g  t h e  simple, d i r e c t  approach of  ob ta in ing  p i l o t  r a t i n g s  o f  la teral  
con t ro l  on a fixed-base s imulator  (Fig. 2) as t h e  parameters were sys t ema t i ca l ly  va r i ed  
over  a wide range. A c o l o r  contact  analog o r  t e l e v i s i o n  d i s p l a y  was used from which 
t h e  p i l o t  could i n t e r p r e t  bank, heading, and s i d e s l i p  angles.  Instruments were a l s o  
provided t o  give p r e c i s e  i n d i c a t i o n s  of bank, heading, and s i d e s l i p  angles  and a l s o  
r o l l  rate. P i l o t  eva lua t ions  were based on t h e  following modified Cooper r a t i n g  
sca l e"  t 15: 

lTume r i ca I 
Rating Cat ego ry Adj e c t i ve Des c r ip t ion 

within Category 

7 
8 
9 

10 

Acceptable 
and 

sat i s f a c t o r y  

Accept ab1 e 
but  

unsa t i s f ac to ry  

Unacceptable 

I Unflyable 

Excel1 ent  
Good 
F a i r  

F a i r  
Poor 
Bad 

Bad 
Very bad 

Dangerous 

3.  DISCUSSION OF RESULTS 

3 . 1  General Survey Resul ts  

The r e s u l t s  of t h e  survey have t h e  format shown i n  Figure 3; p i l o t  r a t i n g s  are 
presented as funct ions of  w4 and , with c o n t r o l  power, damping, and d ihedra l  
e f f e c t  as constant parameters. Where u4 is equal t o  zero,  t h e  coupl ing e f f e c t  is 
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so severe t h a t  t h e  a i r p l a n e  yaws and banks but does not  cont inue t o  r o l l .  
equals  wd along t h e  diagonal,  e s s e n t i a l l y  no s i d e s l i p  is induced. This condi t ion 
is usua l ly  t h e  most des i r ab le .  Values of  a+ exceeding wd cause s i d e s l i p  t o  be 
induced i n  such a manner t h a t  t h e  p i l o t  t ends  t o  augment the  Dutch r o l l  o s c i l l a t i o n  
while a t tempting t o  s t a b i l i z e  bank angle. Extreme r a t i o s  o f  w+ t o  wd make con t ro l  
impossible. 

Where w+ 

Figure 4 is an example of t h e  45 p l o t s  t h a t  comprise t h e  r e s u l t s  of  t h e  survey. 
Note t h a t  t h e  constant  p i l o t - r a t i n g  contours are r a d i a l  l i n e s  for 
than 3.0, t hus  making it poss ib l e  t o  speak of t h e  more familiar r a t i o  w+/Ud . 
Usually,  a r a t i o  of wdwd equal t o  1.0 is most favorable ,  with smaller r a t i o s  
r e s u l t i n g  i n  adverse yaw and r o l l  s luggishness  and r a t i o s  greater than  1.0 r e s u l t i n g  
i n  favorable  yaw and pi lot- induced o s c i l l a t i o n s .  For t h i s  case of  moderate damping, 
t h e  p i l o t  r a t i n g s  are no t  p a r t i c u l a r l y  s e n s i t i v e  t o  small changes i n  t h e  r a t i o  o f  
t o  wd . Figure 5 shows an i d e n t i c a l  se t  of c h a r a c t e r i s t i c s  except f o r  much less 
damping. I n  t h i s  i n s t ence ,  an wdwd r a t i o  of  on ly  1.1 i s  uncontrol lable .  A com- 
pa r i son  o f  t h e  two f i g u r e s  shows the marked effect of damping on a p i l o t ' s  acceptance 
of con t ro l  coupling o f  t h e  type t h a t  causes p i lo t - induced  l a t e r a l - o s c i l l a t i o n  tendencies. 

a+ tud greater 

a+ 

Although it would be poss ib l e  t o  use these  p l o t s  t o  p r e d i c t  l a t e r a l - d i r e c t i o n a l  
p i l o t  ratings by i n t e r p o l a t i n g  between c h a r t s  f o r  a p a r t i c u l a r  app l i ca t ion ,  t h e  
procedure would be t e d i o u s  and time-consuming. 
hand-computing t h e  p i l o t  r a t i n g s ,  much o f  t h e  information i n  t h e  f u l l  set  o f  c h a r t s  
has been reduced t o  t h e  t h r e e  summary c h a r t s  i n  Figures  6 (a )  t o  6 (c ) .  
constant  p i l o t  r a t i n g s  are presented as a funct ion of t h e  r a t i o  O f  

con t ro l  power f o r  t h e  res t r ic ted ranges of cdd p l u s  wd , and Lp , and f o r  a given 
l e v e l  of  damping. 
F i r s t ,  f o r  a l l  but t h e  lower va lues  of  control  power L8a(8a),,,ax , t h e  most f avorab le  
P i l o t  r a t i n g s  occur when wd equals  wd . For the  very low and vanishing l e v e l s  o f  
c o n t r o l  power, favorable  s i d e s l i p ,  i nd ica t ed  by w+/wd > 1.0 , is preferred, s i n c e  it 
compensates t o  a degree f o r  t h e  very s luggish r o l l  response. 
evident  f o r  t h e  highest  l e v e l  of damping. 
t h e  extreme s e n s i t i v i t y  precludes s a t i s f a c t o r y  r a t i n g s  even f o r  "+/wd 
Increased damping would r e s u l t  i n  more favorable  p i l o t  r a t i n g s ,  however. 

To provide a more r ap id  means f o r  

Lines  o f  

w+/wd and la teral  

Several  gene ra l i za t ions  can be made about t h e  r e s u l t s  shown. 

Th i s  t rend is especial ly  
For very l a r g e  values  o f  con t ro l  power, 

equal t o  1.0. 

The summary c h a r t s  o f  Figure 6 can be used t o  p r e d i c t  l a t e r a l - d i r e c t i o n a l  p i l o t  
r a t i n g s  by i n t e r p o l a t i n g  between t h e  appropriate  cha r t s .  In  t h e  event t h a t  a r a t i n g  
greater than 10 is ind ica t ed  by one of t h e  c h a r t s ,  an ex t r apo la t ed  value greater than 
10 should be used i n  t h e  i n t e r p o l a t i o n  between c h a r t s .  Best r e s u l t s  can be obtained,  
however, when t h e  d a t a  f o r  t h e  f u l l  set of 45 c h a r t s  have been mechanized i n  a d ig i t a l -  
computer program. Such a program now i n  use at t h e  F l i g h t  Research Center i s  i l l u s t r a t e d  
by t h e  block diagram i n  Figure 7. A s  shown, information i n  the  45 p l o t s  of  t h e  p i l o t -  
r a t i n g  survey and s e v e r a l  se ts  of a i rp l ane  c h a r a c t e r i s t i c s ,  s t a b i l i t y  de r iva t ives ,  
moments of i n e r t i a ,  and t h e  l i k e  a r e  fed i n t o  a d i g i t a l  computer. The d i g i t a l  computer 
t hen  computes t h e  dimensional s t a b i l i t y  d e r i v a t i v e s  and numerous parameters of  i n t e r e s t  
and p r e d i c t s  p i l o t  r a t i n g s  by in t e rpo la t ing  over t h e  f i v e  parameters of  t h e  survey. 
The greatest value of  t h e s e  p red ic t ions  is t h a t  a large number of a i rp l ane  configura- 
t i o n s  and f l i g h t  condi t ions can be assessed quickly and at l i t t l e  cost .  This f e a t u r e  
is  p a r t i c u l a r l y  important t o  t h e  preliminary designer  and t h e  f l i g h t - t e s t  engineer.  



4 

3.2 Comparison of Predicted and F l i g h t  Ratings 

The method described has been used success fu l ly  as an a i d  during t h e  design of 
c o n t r o l s  f o r  a l i f t i ng -body  research vehicle .  However, t h e  r e s u l t s  obtained are 
considered t o  be preliminary.  For s ign i f i cance ,  t h e  computed p i l o t  r a t i n g s  must 
compare well with those obtained i n  f l i g h t  o r  from a f l i g h t  s imulator .  
t h e  method is being t e s t e d  by comparing t h e  p red ic t ed  p i l o t  r a t i n g s  with r a t i n g s  
obtained in  f l i g h t  f o r  many d i f f e r e n t  a i r c r a f t .  
t h e  sub jec t  s imulator  survey, t h e r e  was no r e s t r i c t i o n  on its use during t h e  f l i g h t  
i n v e s t i g a t i o n s  f o r  which comparative p i l o t  r a t i n g s  are presented herein.  

A t  present ,  

Although t h e  rudder was not used i n  

I n  Figure 8, pred ic t ed  p i l o t  r a t i n g s  o f  t h e  X-15 a i r p l a n e  are compared wi th  a c t u a l  
p i l o t  r a t i n g s  from f l i g h t  and t h e  X-15 f l i g h t  s imulator .  The comparison is f o r  t h e  
a i r p l a n e  with t h e  lower v e n t r a l  s t a b i l i z e r  on and t h e  dampers o f f .  
p i l o t  r a t i n g s  do well t o  show not on ly  t h e  general t r e n d s  w i t h  Mach number but a l s o  
t h e  average l e v e l s ,  except at a Mach number of  3.5. A discrepancy of  t h e  magnitude 
shown can e a s i l y  e x i s t  when a s i t u a t i o n  such as t h i s  borders on being uncontrol lable  
because of  pi lot- induced o s c i l l a t i o n s .  
o r  t h e  r a t i o  wd/wd can r e s u l t  i n  large d i f f e rences  i n  p i l o t  r a t i n g .  I n  Figure 9, 
t h e  c o r r e l a t i o n  of t he  r a t i n g s  f o r  t h e  X-15 with dampers on is good; t h e  p red ic t ed  
r a t i n g s  are only s l i g h t l y  more f avorab le  than t h e  average r a t i n g s  from f l i g h t  and 
s imulator .  Additional comparisons of  f l i g h t ,  s imulator ,  and p r e d i c t e d  p i l o t  r a t i n g s  
are made i n  Reference 16. 

The p red ic t ed  

I n  t h i s  i n s t ance ,  small d i f f e rences  i n  damping 

In Figure 10, f l i g h t  and p red ic t ed  r a t i n g s  are compared f o r  t h e  F-104 a i r p l a n e  
with a l l  dampers o f f .  The c o r r e l a t i o n  is good at t h e  high Mach numbers, but t h e  
p r e d i c t e d  r a t i n g s  are o p t i m i s t i c  at t h e  lower Mach numbers. 
2.5 r a t i n g  u n i t s  at a Mach number of  0 .9  warrants  f u r t h e r  i nves t iga t ion .  

The discrepancy of about 

Ratings are compared i n  Figure 11 f o r  t h e  T-33 a i rp l ane .  Again, t h e  p red ic t ed  
p i l o t  r a t i n g s  are more favorable;  t h e  d i f f e rence  between t h e  p r e d i c t e d  and f l i g h t  
r a t i n g s  is about 1 . 5  u n i t s  a t  t h e  higher  speeds. P red ic t ed  p i l o t  r a t i n g s  t h a t  are 
usua l ly  o p t i m i s t i c  would i n d i c a t e  t h a t  poss ib ly  some o t h e r  e f f e c t  not  dup l i ca t ed  i n  
t h e  p red ic t ion  method, such as c o n t r o l - s t i c k  f r i c t i o n ,  might be in f luenc ing  t h e  p i l o t  
r a t i n g s  i n  f l i g h t .  
a i r p l a n e  would a l s o  cause an apparent e r r o r  i n  t h e  predicted p i l o t  r a t i n g s .  

Uncertainty o f  t h e  aerodynamic and mass c h a r a c t e r i s t i c s  o f  t h e  

The comparison shown i n  Figure 12 is f o r  a d i f f e r e n t  class of  a i r p l a n e ,  t h e  990 j e t  
t r anspor t .  Although f l i g h t  p i l o t  r a t i n g s  are a v a i l a b l e  from only one p i l o t ,  co r re l a -  
t i o n  of t h e  predicted p i l o t  r a t i n g s  wi th  t h o s e  obtained i n  f l i g h t  is good. 
agreement is somewhat su rp r i s ing ,  s i n c e  no cons ide ra t ion  is given t o  a i r p l a n e  type  i n  
t h e  p red ic t ion  technique. 
p l ane  t h a t  has seen many yea r s  of s e r v i c e ,  t h e  C-47. 
with ai rspeed was predicted,  but t h e  l e v e l  p red ic t ed  is about 2.5 u n i t s  less  favorable  
than t h a t  indicated by t h e  average f l i g h t  r a t i n g s .  One reason f o r  t h e  discrepancy is 
t h a t  t h e  use of t h e  rudder was no t  permit ted i n  t h e  survey on which t h e  p r e d i c t i o n s  
a r e  based; whereas, t h e  rudder is e f f e c t i v e  on t h e  C-47 i n  coun te rac t ing  adverse yaw 
and was used i n  f l i g h t .  I t  is evident ,  i n  t h i s  case, t h a t  t h e  e f f e c t  of  t h e  use  o f  
rudders is a needed extension t o  t h e  Present  p i l o t - r a t i n g - p r e d i c t i o n  method. 

This  

Figure 13 shows a similar comparison f o r  a t r a n s p o r t  air-  
The gradual t r e n d  i n  p i l o t  r a t i n g  
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I n  Figure 14, p i l o t  r a t i n g s  from f l i g h t  a r e  compared with those  p red ic t ed  f o r  a 
l i g h t  t r a n s p o r t ,  t h e  Aero commander. A s  shown, t h e  o v e r a l l  level of p i l o t  r a t i n g  was 
predic ted  f a i r l y  accurately,  being pess imis t i c  by about 1 un i t  at t h e  higher speeds. 

4 .  C O N C L U D I N G  REMARKS 

Although t h i s  technique of p r e d i c t i n g  p i l o t  r a t i n g s  has met with some success,  it 
is apparent t h a t  improvements a r e  needed. The e f f e c t s  of r a t e  coupling, mission and 
a i r p l a n e  type,  c o n t r o l l e r  f r i c t i o n  and forces ,  t h e  use of rudders, and t h e  s i z e  of 
t h e  p i l o t ’ s  d i sp l ay  a l l  need t o  be considered i n  a more s o p h i s t i c a t e d  form of p i l o t -  
r a t ing -p red ic t ion  technique. 
p re sen t  form of t h e  technique is t h e  demonstration t h a t  such an ex tens ive  survey can 
be made and systemized i n  a way t h a t  enables it t o  be appl ied  t o  a wide range of 
a i r p l a n e  configurations.  I f  ex tens ions  and improvements i n  t h e  method can continue 
t o  be made, t h e  c a p a b i l i t y  ind ica t ed  i n  Figure 15 may someday be ava i l ab le .  Predic ted  
p i l o t  r a t i n g s  w i l l  be computed as a function of t h e  a i rp l ane  dynamics, mission, and 
d i s p l a y  as well as t h e  c o n t r o l l e r  c h a r a c t e r i s t i c s  and motion e f f e c t s  f o r  each mode of  
con t ro l .  A s  such a c a p a b i l i t y  is developed, t h e  designer,  t h e  w r i t e r  of s p e c i f i c a -  
t i o n s ,  and t h e  f l i g h t - t e s t  engineer w i l l  have a t o o l  t h a t  becomes more accu ra t e  and 
more i n c l u s i v e  as t h e  technique is improved. 

Perhaps more important than t h e  r e s u l t s  shown f o r  t h e  
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